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Taking into account that neutrinos are massive particles and that they are produced mainly as states
of negative helicity, we show that the neutral and charged current interactions change these neutrinos
into transversally polarized states. This implies a considerable reduction of the neutrino flux when
propagating through ordinary matter (electrons, protons and neutrons). The same happens when
neutrinos propagate through the sea of relic neutrinos if these neutrinos are degenerate fermions.
However, in this case the change of helicity depends on the value of the neutrino–anti-neutrino
asymmetry.
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The recent solar [1,2] and atmospheric [3] neutrino
data are consistent with three neutrinos with masses
m1 = 0, m2 = 2.3 × 10−3 eV and m3 = 5 × 10−2 eV.
In this paper we show that if neutrinos are massive par-
ticles, the neutral and charged effective interactions due
to Z0 and W± exchange will induce an helicity flip on
the neutrinos of negative helicity. These effects are com-
plementary to those discovered, some years ago, by Sto-
doslky [4] and Wolfenstein [5].
Let us first consider neutrinos coming from astrophys-
ical sources, here denoted by νA. They interact with
the relic cosmological neutrinos, denoted by νr, through
the effective hamiltonian (induced by the neutral current
coupled to Z0)
HZ =
GF√
2c2W
ψ¯νAγµ(1 − γ5)ψνA ψ¯νrγµ(1 − γ5)ψνr . (1)
We will also assume that neutrinos are Dirac fermions.
If the relic neutrino is massive we can use its rest frame.
Since Tν = 195K ≈ 1.68 × 10−4 eV, neutrinos with
masses m2,3 > Tν are non-relativistic at present. How-
ever, since our goal is to point out new effects we are only
interested in the order of magnitude, as an illustration of
the phenomena, we will assume for the sake of simplic-
ity that the relic neutrino, νr, is the lightest neutrino,
i.e., that with m1 = 0, and that the astrophysical neutri-
nos νA are massive neutrinos, i.e., ν2 or ν3. In the rest
frame of the “neutrino sea”, in which the relic neutrinos
are isotropically distributed, the term ψ¯νrγµ(1 − γ5)ψνr
is the neutrino number density (in fact, nν −nν¯) and for
the relic neutrinos 1 − γ5 = 2. In the same frame the
astrophysical neutrino has a velocity ~v and spin ~σ; thus
the corresponding bilinear is proportional to 1+~σ ·~v. On
the other hand, in the frame of the massive neutrino the
relic neutrinos have a current density ~Jν = 2nν~vγ, where
γ = (1 − v2)−1/2 = EνA/mνA (we are using h¯ = c = 1).
Since the helicity is an eigenstate of propagation, we can
write the evolution equation in the source basis denoted
by primed fields
i
d
dτ
(
ν′+
ν′−
)
=
[(
E 0
0 E
)
+
2GFnνγ√
2c2W
~σ · ~v
](
ν′+
ν′−
)
,
(2)
where τ is the proper time of the astrophysical neutrino.
Neglecting an overall phase factor E (we are assuming
E′+ = E
′
− ≡ E, otherwise the global phase is (E′+ +
E′−)/2) we can re-write Eq. (2) as
i
d
dτ
(
ν′+
ν′−
)
=
2GFnνγvz√
2c2W
(
1 tan θe−iφ
tan θeiφ −1
)(
ν′+
ν′−
)
,
(3)
where tan θ = 2v⊥/vz with v⊥ = (v
2
x + v
2
y)
1/2 and φ =
arctan(vy/vx); notice that 0 ≤ θ < π and 0 ≤ φ < 2π.
The eigenvalues of the matrix in Eq. (3) are given by
E± = ±2GFnν vγ√
2c2W
, (4)
and(
ν+
ν−
)
=
(
cos θ
2
e−i
φ
2 sin θ
2
ei
φ
2
− sin θ
2
e−i
φ
2 cos θ
2
ei
φ
2
)(
ν′+
ν′−
)
, (5)
denote the basis in which the hamiltonian is diagonal.
Astrophysical neutrinos are produced, as usual, via the
standard electroweak processes, with are mainly of neg-
ative helicity ν′−, however they become, because of the
1
interaction with the sea, a linear superposition of both
helicity states
|ν′−〉 = e−iφ
(
e−iE+τ sin
θ
2
|ν+〉+ e−iE−τ cos θ
2
|ν−〉
)
,
(6)
and we can calculate for the massive neutrinos the sur-
vival probability (they remain in the same helicity state):
P (ν′− → ν′−) = 1− sin2 θ sin2
(
4GFnν√
2c2W
d
)
, (7)
and the transition probability (when there is a helicity
flip)
P (ν′− → ν′+) = 1− P (ν′− → ν′−) (8)
where (E+ − E−)t/γ becomes (4GFnνd)/
√
2c2W , in the
rest frame of the relic neutrinos τ = tγ−1, and we have
defined d = vt as the distance traveled through the relic
neutrino sea.
If both ν and ν¯ are present nν means nν − nν¯ . How-
ever we can also assume that there is an asymmetry
i.e., neutrinos form a degenerate Fermi gas, nν 6= 0 and
nν¯ ≈ 0 (or vice versa). The oscillation length defined
from Eq. (7) is
l ≡ π
2
√
2c2W
4GFnν
, (9)
and assuming nν ≈ 1700 cm−3(1.3 × 10−11 eV3) [6] we
see that l = 5.28 × 109 ly. Which is of the order of the
radius of the observed universe. Notice, however, that for
d = 0.5l we have from Eq. (7) that P (ν′− → ν′−) = 0.5 for
θ = π/2. Moreover, if the relic neutrinos are the massive
ones they can be clustered in local galactic halo and it
is possible to have nν = (10
7 − 109) cm−3 [7]. Using, for
instance, nν = 10
7 the oscillation length is l = 1.05× 106
ly, i.e., this clustering, if it does exist, reduce the oscil-
lation length at least in some regions. (But in this case,
relic neutrinos are non-relativistic and the approach of
Ref. [8] has to be used.) If the value of l can be lower
than the size of the universe we have to take also the av-
erage over the distance, the average survival probability
is
P ≡ 〈P (ν′− → ν′−)〉 = 1−
1
2
sin2 θ. (10)
The average probability in θ may also be needed in some
cases:
Pθ ≡ 〈P (ν′− → ν′−)〉θ = 0.75. (11)
As an effect due to the potential it depends only on
the number density of particles in the medium and on
the distance traveled by the propagating particle. The
effect depends also on a non-zero, but otherwise arbi-
trary, neutrino mass. The same happens also for charged
particles in cosmic rays, say electrons, however in this
case both helicity states feel the electromagnetic interac-
tions with the same strength so the effect is, in practice,
usefulness. Neutrinos with positive helicity will have a
similar effect, but since these neutrinos are produced by
exotic unknown interactions their fluxes are reduced with
respect to the flux of neutrinos produced in the usual
electroweak processes.
The case when neutrinos propagate through ordinary
matter is more interesting. We will consider only the
charged current interaction (after a Fierz transformation)
since here we are only showing the main features of the
effect. The effective hamiltonian is
HW =
GF√
2
ψ¯eγµ(1 − γ5)ψeψ¯νγµ(1− γ5)ψν , (12)
ν is one of the massive neutrinos and we are neglecting
mixing angles. We have with this interaction a flip of
the electron spin due to massless neutrinos (Stodolsky
effect); or the effect in the propagation through matter
of massless or massive neutrinos (Wolfenstein effect); and
also the spin flip of a massive neutrino due to the mat-
ter density, this is the effect that we will consider below.
Similarly to Eq. (7) but without the 2/c2W factor and ne
being now the electron number density in the medium,
say the Sun, the Earth, the atmosphere or even a detec-
tor. The oscillation length is now given by
l ≡ π
2
1√
2GFne
, (13)
since in this case ∆E =
√
2GFnevγ, and v is now the
neutrino velocity in the rest frame of the electrons. In
the neutrino rest frame the electron current density is
~Je = ne~vγ. Assuming a typical value ρ = 1 gr/cm
3 (or
ne ≈ 8.45×1012 eV3) we see that the oscillation length is
in this case l ≈ 2.2 km. In the solar interior l is two order
of magnitude smaller that this value while in the atmo-
sphere it is two or three order of magnitude larger. Hence
in solar and atmospheric neutrino experiments only the
averaged probability transition in Eq. (10) may be con-
sidered. A similar effect occur with protons through both
neutral and charged currents and with neutrons through
the neutral currents only.
We can interpret these effects, induced by the interac-
tions in Eqs. (1) or (12), as follows. The usual neutrino
oscillations which are driven by mass square differences
can be understood as a transition between a left-handed
neutrino of flavor f to a left-handed neutrino of flavor f′ (f
may be equal or different from f′), via a negative helicity
neutrino mass eigenstate ν′−
νfL → ν′− → νf′L. (14)
In the standard model, flavor neutrinos are produced
as left-handed states, the intermediate mass eigenstates
2
are also mainly of negative helicity because of νfL =
ν′−+O(m/Eν). Since neutrino masses are small and the
respective energies, for the usual experiments, are large
we see that νfL ≈ ν′−. However, in the presence of mat-
ter (or relic neutrinos) there is an helicity flip ν′− → ν′+
and this transition is independent of the neutrino mass,
it depends only on the matter (sea) density, but again
ν′+ ≈ νfR +O(m/Eν) the neutrino is not detected since
it is mainly an (sterile) right-handed neutrino.
Hence, as an illustration, in the two flavor case and
assuming m1 = 0 and m2 6= 0 (but otherwise arbitrary)
we should write(
νe
νµ
)
=
(
cos θf P sin θf
− sin θf P cos θf
)(
ν1
ν2
)
, (15)
where θf is a Cabibbo-like mixing angle. For geochemical
experiments P = Pθ = 0.75 must be used. On the other
hand, in directional, real time experiments in which the
z-axis is already defined as the azimuthal direction, we
can identify θ with the azimuthal angle and Eq. (10) must
be used. Only vacuum neutrino oscillation experiments
are not sensitive to the effect induced by the hamiltonian
given in Eq. (12). In this case the oscillation length is
large enough (induced only by the relic neutrinos) to be
appreciable at the typical distances of this sort of exper-
iments. This is the case for the LSND experiment [9].
The considerations above are valid for Dirac neutri-
nos. In this case the right-handed chiral states are sterile
neutrinos, νR. For Majorana neutrinos νR’s are not ster-
ile but interact mainly with anti-leptons. In this case
in order to have a non-vanishing effect in the neutrino-
neutrino interactions, it is necessary to have a net left-
handed chirality asymmetry, nνL 6= 0, nνR ≈ 0. The
Stodolsky effect with Majorana relic neutrinos was con-
sidered also in Ref. [8].
The mechanical forces exerted on macroscopic targets
by relic neutrinos is unfortunately very small [8,10]. How-
ever we have considered here the effect on neutrinos prop-
agating in a medium which can be the relic neutrino sea
or ordinary charged or neutral matter. The important
thing, besides a non-zero but arbitrary mass, is the num-
ber density of the medium and the distance travel by the
neutrinos. The helicity flip does not depend on the real
value of the neutrino masses.
There are also spin-spin interactions (i.e., the effect
of a vector potential) but this case needs a more care-
ful treatment. We would like to call the effects above
considered “GEFAN–effects”.
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